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Abstract
The current study focused on the equilibrium, kinetics, and thermodynamics of Basic Fuchsin dye adsorption from aqueous solution
using mussel shells as an adsorbent. Optimum adsorption conditions were identified by varying the solution pH, adsorbent dose,
initial dye concentration, and contact time. Equilibrium data were fitted by the Langmuir, Freundlich and Dubinin–Radushkevich
isotherm models, and a pseudo-second-order model best described the kinetics. Thermodynamic data showed that Basic Fuchsin
dye adsorption onto mussel shells was a feasible, spontaneous and endothermic process. Statistical analysis was performed using
the Chi-square (χ2) and mean square error (MSE) test methods to evaluate the best fit of the model to the experimental data. The
adsorption of Basic Fuchsin by calcined mussel shells indicates their potential application as an adsorbent for the removal of dyes
from aqueous solutions.
© 2015 The Author. Production and hosting by Elsevier B.V. on behalf of Taibah University. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
yeKeywords: Dye removal; Adsorption; Calcined mussel shells; Basic d
1.  Introduction
Adsorption is one of the most common methods
for the removal dyes from wastewaters. The environ-
ment is contaminated by many hazardous chemical
species, especially with chemical dyes. Environmental∗ Tel.: +212 524 669 357; fax: +212 524 669 516.
E-mail address: elhaddad71@gmail.com
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1658-3655 © 2015 The Author. Production and hosting by Elsevier B.V. on b
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).protection requires conscientiousness regarding the use
of dyes with respect to regulations and the treatment of
effluent discharge because many industries use chem-
ical dyes to treat their finished products. Chemical
dyes reduce the light penetration in water, interfering
with photosynthesis, and most of them contain sus-
pected carcinogens [1,2]. Therefore, it is necessary to
reduce or eliminate these life-threatening compounds
from wastewater before it is discharged.
Basic Fuchsin dye belongs to the triarylmethane classehalf of Taibah University. This is an open access article under the
dyes, which is inflammable in nature and possesses
anaesthetic, bactericidal, and fungicidal properties. It
is widely used as a colouring agent for textile and
leather materials and in the staining of collagen, muscle,
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itochondria, and tubercle bacillus. Due to its prop-
rties of poor biodegradation, toxicity, carcinogenicity
nd unsightliness, the removal of Basic Fuchsin from
astewater systems is of great concern and should be
ested and implemented promptly.
The literature is rich with techniques and proce-
ures for removing chemical dyes from aqueous media.
arious authors have evaluated supplies of animal or veg-
table origin [3–7] for the decontamination of aqueous
edia by chemical dyes.
In recent years, developing economical adsorbents to
reat dyes in wastewater has attracted great interest. The
pplication of inexpensive adsorbents for dye removal
as been reviewed, and many non-conventional, low-cost
dsorbents have been reported. In our ongoing research
rogramme, we have focused on describing new alterna-
ive methods for the best removal of chemical dyes from
queous media using low-cost and efficient adsorbents.
In this study, the removal of Basic Fuchsin dye
rom aqueous solutions onto calcined mussel shells was
nvestigated. The effects of different parameters such as
H, contact time, adsorbent dose, initial dye concen-
ration and temperature were investigated. The removal
ate kinetics, thermodynamics and isotherms for Basic
uchsin adsorption onto calcined mussel shells were
lso studied, and the characterization of calcined mussel
hells as an adsorbent is presented.
.  Materials  and  methods
The mussel shells were collected and washed with tap
ater followed by distilled water, then dried at 378 K for
2 h. Mussel shells were powdered to small grains and
hen calcined at 1173 K for 2 h. The obtained residue
as washed with distilled water and dried at 353 K for
4 h. The residue was finely chopped and ground into
mall particles of sizes in the range of 75–100 m, milled
n an agate mortar, washed with distilled water, dried
vernight at 378 K, and then calcined at a heating rate of
 K/min to 673 K and maintained at this temperature for
 h. The resulting calcined mussel shell material (CMS)
as stored in a glass bottle for further use.
The CMS adsorbent was characterized using ele-
ental analysis, FT-IR and XRD. FT-IR spectra were
btained using an ATI Mattson Genesis series FTIRTM
NICAM instrument. XRD of CMS adsorbent was con-
ucted using an X pert Pro X-ray diffractometer with
 copper anticathode λ(Cu) = 1.5418 A˚. The zero point
harge pH of the CMS adsorbent was determined using
he pH drift method as described in the reference [8].
The chemical structure of Basic Fuchsin treated
s cationic dye is shown in Fig. 1. Batch adsorptionFig. 1. Chemical structure of Basic Fuchsin.
experiments were performed by shaking an appropriate
weight of CMS adsorbent with 100 mL aqueous solution
of Basic Fuchsin of known concentration in a series of
250 mL conical flasks placed in a temperature controlled
shaking water bath at different concentrations (between
50 and 200 mg L−1), pH values (between 2 and 12), tem-
peratures (between 298 and 428 K) and adsorbent doses
(between 100 mg and 500 mg) at a constant shaking
rate of 350 rpm. After the desired contact time, samples
were withdrawn from the mixture using a micropipette
and centrifuged for 5 min at 5000 rpm. After centrifuga-
tion, supernatants were analysed to determine the final
concentration of Basic Fuchsin using a UV–vis spec-
trophotometer at a wavelength of 544 nm. The amount
of equilibrium adsorption qe (mg g−1) was calculated
using the formula
qe = C0 −  Ce
W
V  (1)
where Ce (mg L−1) is the concentration of Basic Fuchsin
aqueous solution at the equilibrium state, C0 (mg L−1)
is the initial concentration of Basic Fuchsin in aqueous
solution, V  is the volume of the solution (L) used in the
experiments, and W  is the weight of the CMS adsor-
bent (g). The Basic Fuchsin removal percentage was
calculated from the following expression:
Removal (%) = C0 −  Ce
C0
×  100 (2)
where C0 is the initial Basic Fuchsin concentration
(mg L−1) and Ce is the concentration of Basic Fuchsin
(mg L−1) at equilibrium.
For statistical analysis, the tests were performed in
duplicate to ensure the reliability and reproducibility of
the results obtained, and the data were reported as the
mean ±  SD. The model parameters and constants were
analysed by linear regression using Excel 2010. In addi-
tion to the correlation coefficient (r2), the Chi-square
(χ2), the mean square error (MSE) and the validation
by normalized standard deviation q  (%) test methods
were also used to evaluate the best fit of the model to
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action oFig. 2. X-ray diffr
the experimental data using Eqs. (3), (4) and (5), respec-
tively.
χ2 =
n∑
i=1
(qe,exp −  qe,cal)2
qe,cal
(3)
MSE = 1
n
n∑
i=1
(qe,cal −  qe,exp)2 (4)
q (%) =
√∑n
i=1((qe,exp −  qe,cal)/qe,exp)2
n  −  1 (5)
where n is the number of data points, qe,exp is the obser-
vation from the experiment, and qe,cal is the calculation
from the models. Smaller values correspond to better
curve fitting.
3.  Results  and  discussion
3.1.  Characterization
The results of elemental analysis show that the CMS
adsorbent contains significant quantities of Ca (60.24%)
and Si (3.57%) and lower amounts of other species such
as Mg (0.90%), Al (0.41%), P (0.20%) and Sr (0.11%).
The analysis by XRD depicted in Fig. 2 showed
the presence of calcite and portlandite, syn. The FT-IR
analysis shows functional groups existing in the CMS
adsorbent (Fig. 3). The bands at 3643 cm−1 are assigned
to hydroxy group stretching modes, and the stretchingf CMS adsorbent.
and folding of the carbonate group are assigned to the
bands at 1437 cm−1 and 874 cm−1. The SEM image
shown in Fig. 4 shows that the CMS adsorbent parti-
cles have irregular forms and different sizes. We see also
that the surface morphology is not homogenous, with the
existence of some pores.
3.2.  Effect  of  adsorbent  dose
The effect of adsorbent dose on the removal % of
Basic Fuchsin dye from aqueous solutions onto CMS
adsorbent was investigated by contacting 100 mL of
60 mg L−1 dye solution at room temperature (20 ◦C) for
240 min at a constant stirring speed of 350 rpm. Dif-
ferent amounts of CMS (100–500 mg) were tested for
this study. Fig. 5 depicts the variation of removal %
versus adsorbent dose. In light of these results, we note
that increasing amounts of CMS adsorbent increase the
removal % of Basic Fuchsin. This behaviour is related
to the increased number of sites available on the CMS
adsorbent for dye adsorption. This phenomenon was
already described in our previous works on dye removal
with calcined bones as the adsorbent [9]. For the follow-
ing experiments, we used 500 mg of CMS per 100 mL
of Basic Fuchsin solution.3.3.  Effect  of  pH
The pH values of the solution are an important param-
eter during the adsorption processes, and the initial pH
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Fig. 3. IR spectra of CMS adsorbent.
Fig. 4. SEM image of the CMS adsorbent.
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Fig. 5. Effect of adsorbent dose on the removal % of Basic
−1 ◦Fuchsin, concentration dye 60 mg L , temperature 25 C, contact time
240 min.
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Fig. 6. Effect of pH on the removal % of Basic Fuchsin onto CMS
−1adsorbent, concentration dye 60 mg L , adsorbent dose 500 mg, tem-
perature 25 ◦C, contact time 240 min.
value of the solution has greater influence than the final
pH [10,11]. In this case, Fig. 6 shows the variation of
removal % of Basic Fuchsin from aqueous solutions
versus pH from 2 to 12. It is very important to deter-
mine the pH of the zero point charge of the CMS, which
is equal to 9.2, as depicted in Fig. 7. For pH values higher
than 9.2, the surface of the CMS adsorbent becomes
negatively charged, while it is in the opposite state for
pH < 9.2. Fig. 6 shows that the removal % of Basic
Fuchsin onto CMS is highest for pHZPC above 9.2, which
indicates that the negative form of CMS is responsible
for adsorption in this range. For acidic pH, increasing the
value increases the removal efficiency of Basic Fuchsin.
The lowest removal % at acidic pH is due to the repulsive
electrostatic forces between the positive charged surface
of CMS and the cationic dye. The removal % of Basic
Fuchsin is maximal for pHZPC, at 90%.
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Fig. 7. Determination of zero point charge pH of CMS adsorbent.ity for Science 10 (2016) 664–674
3.4.  Effect  of  initial  dye  concentration  and  contact
time
Fig. 8 shows the effect of the Basic Fuchsin solution
concentration on adsorption onto the CMS adsorbent.
In these experiments, the amount of CMS was constant
(500 mg of CMS in 100 mL of dye solution), while the
dye concentration was varied from 50 to 200 mg L−1
with different time intervals. By plotting the removal %
versus dye concentration and contact time, it can be seen
that the removal % of the dye increases with increasing
concentration and contact time. The maximum adsorp-
tion of Basic Fuchsin is observed at 60 min for all dye
concentrations. Thus, there is almost no further increase
in the adsorption, and the equilibrium contact time is
fixed. At this time, removal % increases from 72.45%
to 91.2% when the concentration of the dye is changed
from 50 mg L−1 to 200 mg L−1.
At higher concentration, the ratio of the initial
number of Basic Fuchsin molecules to the available
surface area is high, and the fractional adsorption subse-
quently becomes dependent on the initial concentration.
However, at lower concentration, the available sites
of adsorption are fewer, and hence the dye removal
depends upon concentration. In light of these results, it
appears that for the first 40 min, the adsorption uptake is
rapid, after which it proceeds at a slower adsorption rate
and finally attains saturation at 60 min. The obtained
removal curves were single, smooth and continuous,
indicating monolayer coverage of the dye on the surface
of the CMS adsorbent.
3.5.  Adsorption  kinetics
The adsorption kinetic experimental data were fitted
with the following models. The pseudo-first-order model
is expressed by the following linearized form [12]:
log(qe −  qt) =  log(qe) − k12.303 t  (6)
where qe (mg g−1) and qt (mg g−1) are the amount of
adsorbed dye per gram of CMS adsorbent at equilibrium
and at time t, respectively, and k1 (min−1) is the pseudo-
first-order rate constant.
Hence, a linear trace is expected between the two
parameters, log (qe −  qt) and t, if the adsorption fol-
lows first-order kinetics. The values of k1 and qe can
be determined from the slope and intercept.
The pseudo-second-order model proposed by Ho
and McKay [13] is based on the assumption that the
adsorption follows second-order chemisorption. The
M. El Haddad / Journal of Taibah Univers
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uchsin, adsorbent dose 500 mg, temperature 25 ◦C.
inearized form of the pseudo-second-order model is as
ollows:
t = 1 + 1 t (7)
qt k2q2e qe
here k2 is the pseudo-second-order rate constant
g mg−1 min−1).
able 1
inetic parameters for the adsorption of Basic Fuchsin onto CMS adsorbent.
Basic Fuchsin concentrati
50 mg L−1
dsorption capacity qe,exp (mg g−1) 141.65 
seudo-first-order model
qe,cal (mg g−1) 121.456 
k1 (min−1) 0.0654 
r2 0.9845 
χ2 1.9786 
MSE 3.7658 
q (%) 2.7857 
seudo-second-order model
qe,cal (mg g−1) 145.45 
k2 (×10−4 g mg−1 min−1) 35.67 
r2 0.9995 
χ2 0.4563 
MSE 0.6754 
q (%) 0.4353 
ntraparticle diffusion model
kid (mg g−1 min−1) 7.89 
Ci 2.43 
qe,cal (mg g−1) 63.55 
r2 0.9933 
χ2 3.6754 
MSE 7.7685 
q (%) 6.6754 ity for Science 10 (2016) 664–674 669
The experimental and calculated (q) values on the
kinetic fitting curves can be compared to establish the
adapted kinetics model. In addition, the correlation
coefficients (r2) obtained were used to validate the best
kinetics model and describe the adsorption kinetics.
The parameters of the pseudo-first-order and pseudo-
second-order kinetic models were estimated by linear
regression. The resulting data and the correlation
coefficients (r2) are given in Table 1. From these results,
the correlation coefficients for the pseudo-first-order
model of Basic Fuchsin adsorption were low, and the
values of χ2 and MSE were high. The theoretical qe did
not give acceptable values compared to the experimental
ones.
A plot of t/qt and t  should give a linear relationship if
the adsorption follows the pseudo-second-order model.
The qe and k2 can be calculated from the slope and inter-
cept of the plot obtained in Fig. 9. All the determined
model parameters and constants with the statistical anal-
ysis values are given in Table 1. The calculated values
for the pseudo-first-order model are not well fitted with
the experimental data, based on the low correlation coef-
ficient r2 and the high values of χ2, MSE and q  (%).
Thus, the adsorption of Basic Fuchsin onto CMS does
on
100 mg L−1 150 mg L−1 200 mg L−1
166.43 176.78 186.67
135.78 146.82 157.39
0.0524 0.0497 0.0576
0.9876 0.9867 0.9897
2.6573 3.2987 3.5673
7.5438 9.5647 11.5794
3.6574 4.5324 5.7649
167.69 178.92 185.78
28.78 24.93 19.67
0.9997 0.9996 0.9998
0.3876 0.4356 0.5437
1.2314 1.1138 1.2546
0.6759 0.6549 0.7658
11.65 13.67 15.07
2.36 2.65 2.39
92.61 108.53 119.13
0.9923 0.9918 0.9921
3.9854 4.2346 3.7685
11.7654 12.6543 14.6765
8.7658 8.6548 8.7984
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CMS.
not follow the pseudo-first-order model. In contrast to
the first model, we found a high correlation coefficient
r2 (very close to unity) as well as small χ2 and MSE
values for the pseudo-second-order model, indicating
that the adsorption process of Basic Fuchsin onto CMS
obeys pseudo-second-order model kinetics at all initial
dye concentrations. The values of q  (%) are still high,
but less so. The rapid uptake of Basic Fuchsin indicates
that the rate-determining step could be chemisorption,
as described by many researchers [14,15].
The intraparticle diffusion model indicates that the
rate-limiting step is the transport of the solute from the
bulk of solution into adsorbent pores through an intra-
particle process [16]. The equation is as follows:
qt =  kidt1/2 +  Ci (8)
where kid is the intraparticle diffusion rate constant
(mg g−1 min1/2), and Ci is the thickness of the boundary
layer.
It should be noted that the intraparticle diffusion
model also demonstrated a high correlation coefficient
r2 value as well as small χ2 and MSE values, indicating
that pore diffusion also affects the rate of Basic Fuchsin
adsorption. However, the y-intercept Ci is not equal to
zero, which implies that this mechanism does not solely
limit the overall adsorption process. The rate-limiting
step may be a complex combination of chemisorption
and intraparticle transport [17].
3.6.  Adsorption  isothermsThe adsorption isotherm is a graphical representation
of the relationship between the amount adsorbed by a
unit weight of adsorbent and the amount of adsorbateity for Science 10 (2016) 664–674
remaining in the test medium at constant temperature
under equilibrium conditions. The isotherm models used
to analyse the experimental equilibrium data are as fol-
lows:
• Langmuir isotherm:
The Langmuir isotherm [18] assumes that mono-
layer adsorption occur at bindings sites with
homogenous energy levels, with no interactions
between adsorbed molecules and no transmigration
of adsorbed molecules on the adsorption surface. The
linear Langmuir equation is given as Eq. (9):
Ce
qe
= 1
qmKL
+ 1
qm
Ce (9)
where Ce (mg L−1) is the equilibrium concentration
of Basic Fuchsin, qe (mg g−1) is the amount of Basic
Fuchsin adsorbed per unit mass of adsorbent, and qm
(mg g−1) and KL (L mg−1) are Langmuir constants
related to adsorption capacity and rate of adsorption,
respectively. A straight line with slope of 1/qm and
intercept of 1/qmKL is obtained when Ce/qe is plot-
ted against Ce. The essential characteristics of the
Langmuir equation can be expressed in terms of a
dimensionless separation factor, RL, defined as
RL = 11 +  KLC0 (10)
where C0 is the initial concentration of Basic Fuchsin.
The RL value indicates whether the adsorption is:
Unfavourable: RL > 1; Linear: RL = 1; Favourable:
0 < RL < 1; Irreversible: RL = 0.
• Dubinin–Radushkevich isotherm:
The Dubinin–Radushkevich (D–R) isotherm model
[19] focuses on the heterogeneity of the surface ener-
gies and has the following expression:
Ln(qe) =  Ln(qm) −  βε2 (11)
ε =  RT  Ln
(
1 + 1
Ce
)
(12)
where qm is the maximum biosorption capacity, β  is a
coefficient related to the mean free energy of biosorp-
tion (mol2 J−2), ε is the Polanyi potential (J mol−1),
R is the gas constant (8.314 J mol−1 K−1), T  is the
temperature (K), and Ce is the dye equilibrium con-
centration (mg L−1). The D–R constants qm and β
can be determined from the intercept and slope of the
2plot between Ln(qe) and ε . The constant β  provides
information on the mean free energy E  (kJ mol−1) of
adsorption per mole of the dye when it is transferred
to the surface of the solid from infinity in the solution
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Table 2
Isotherms parameters for the adsorption of Basic Fuchsin onto CMS adsorbent.
Temperature
298 K 308 K 318 K 328 K
Langmuir isotherm
qm (mg g−1) 141.65 132.78 123.78 111.86
KL (L mg−1) 0.081 0.075 0.068 0.057
r2 0.9993 0.9997 0.9998 0.9996
χ2 0.3425 0.4237 0.2876 0.7658
MSE 1.7865 1.8965 1.9879 1.8764
q (%) 0.8789 0.5674 0.6754 0.7654
D–R isotherm
qm (mg g−1) 127.65 116.93 105.77 94.89
β 10−8 (×10−8 mol2 J−2) 0.457 0.559 0.615 0.681
E (kJ mol−1) 10.457 9.453 9.013 8.568
r2 0.9398 0.9326 0.9345 0.9342
χ2 0.9765 1.0345 0.9872 1.0654
MSE 2.6748 2.6785 2.9854 2.8976
q (%) 1.8976 1.9876 2.5468 2.7865
Freundlich isotherm
Kf (mg g−1) (L g−1)1/n 23.57 21.55 19.67 17.87
1/n 2.435 2.212 2.089 1.897
r2 0.9876 0.9856 0.9876 0.9878
χ2 1.2567 1.2765 1.2667 1.2845
•MSE 3.0675 
q (%) 2.6754 
and can be calculated using the following relationship
[20]:
E  = 1√
2β
(13)
If the magnitude of E is between 8 and 16 kJ mol−1,
the adsorption process is indicated to proceed via
chemisorption, while for values of E  < 8 kJ mol−1, the
adsorption process is physical in nature [20].
 Freundlich isotherm:
The Freundlich model [21] is an empirical equa-
tion based on sorption on a heterogeneous surface or
surface supporting sites of varied affinities. The loga-
rithmic from of Freundlich is given by the following
equation:
log(qe) =  log(Kf) + 1
n
log(Ce) (14)
where qe is the equilibrium dye concentration on
biosorbent (mg g−1), Ce is the equilibrium dye
concentration in solution (mg L−1), Kf (mg g−1)
−1 1/n(L g ) is the Freundlich constant related to adsorp-
tion capacity, and n is the heterogeneity factor. Kf and
1/n are calculated from the intercept and slope of the
straight line of the plot log(qe) versus log(Ce).3.1764 3.0234 3.0543
3.5678 4.6574 5.6419
In this investigation, the Freundlich, the Langmuir,
and the Dubinin–Radushkevich (D–R) models were used
to describe the equilibrium data acquired at different
temperatures. The results are shown in Table 2.
The Langmuir isotherm constants KL and qm were
calculated from the slope and intercept of the plot
between Ce/qe and Ce. The isotherm showed a good fit to
the experimental data with high correlation coefficients
at all temperatures, as shown in Table 2. The maxi-
mum dye adsorption capacity by CMS was found to be
141.65 mg g−1 at 298 K. The values of KL decreased with
increasing temperature, indicating that increasing tem-
perature induced a lower maximum adsorption capacity.
To distinguish between physical and chemical adsorp-
tion on the heterogeneous surfaces, the equilibrium data
were tested with the D–R isotherm model. The plots
between Ln(qe) and ε2 gave straight lines at all tempera-
tures; the values of constants qm and β  thus obtained are
given in Table 3. The estimated values of E for this study
were found in the range expected for chemical adsorp-
tion, as shown in Table 2. Thus, the adsorption of Basic
Fuchsin on the surface of CMS is chemical in nature.The Freundlich constants Kf and 1/n  were calculated
from the intercept and slope of the straight line of the plot
log(qe) versus log(Ce). Table 2 shows that the adsorption
capacity Kf decreased with increasing temperature. The
672 M. El Haddad / Journal of Taibah University for Science 10 (2016) 664–674
Table 3
Thermodynamic parameters for the adsorption of Basic Fuchsin onto CMS.
Temperature (K) G◦ (J mol−1) H◦ (kJ mol−1) S◦ (J mol−1 K−1)
298 −1444 5.247 22.45
308 −1668
318 −1893
328 −2217
magnitude of n  gives a measure of the favourability of
adsorption. Values of n  between 1 and 10 (1/n  less than 1)
represent favourable adsorption. For this study, the value
of n presented the same trend, indicating a favourable
adsorption.
By comparing the values of r2, χ2 and MSE for the
three isotherms listed in Table 2, it could be concluded
that the adsorption of Basic Fuchsin onto CMS was best
fitted to the Langmuir isotherm equation in the temper-
ature range studied. The fit of the adsorption data to the
Langmuir isotherm implied that the binding energy on
the whole surface of the adsorbent was uniform. It also
indicated that the adsorbed dye molecules did not inter-
act or compete with each other and were adsorbed by
forming a monolayer.
3.7.  Adsorption  thermodynamic
The spontaneity of the adsorption process is deter-
mined by the crucial thermodynamic parameters. The
standard Gibbs free energy changes (G◦), standard
enthalpy changes (H◦), and standard entropy changes
(S◦) can be calculated from the following equations:
G◦ =  −RT  Ln(K0) (15)
Ln(K0) = S
◦
R
− H
◦
RT
(16)
where G◦ is the free energy change (kJ mol−1), R  is
the universal gas constant (8.314 J mol−1 K−1), K0 is
the thermodynamic equilibrium constant, and T is the
absolute temperature (K). Values of K0 may be calcu-
lated from the relation Ln(qe/Ce) versus qe at different
temperatures, extrapolating to zero.
Table 4
Comparison of the adsorption capacities of some adsorbents for removal dyes
Adsorbent Dye 
Gastropod shell Congo Red 
Brown macroalgae Acide Black 1 
Marine Aspergillus wentii Brilliant Blue G 
Fungal pellets Acid Brilliant Red 
Calcined Mussel Shell Basic Fuchsin The thermodynamic parameters are listed in
Table 3. The negative G◦ values (−1.444 kJ mol−1 to
−2.217 kJ mol−1) indicate the spontaneity and feasibil-
ity of the adsorption process of Basic Fuchsin onto CMS.
The adsorption is chemical in nature, indicated by the
increase in G◦ values when the temperature was raised
from 298 to 328 K. The same results are obtained in sim-
ilar studies [22,23]. H◦ and S◦ were then estimated
from the slope and intercept of the plot of Ln K0 versus
1/T based on Eq. (15). The data are presented in Table 3.
The positive value of H◦ (5.247 kJ mol−1) suggests
the endothermic nature of the adsorption process, while
the positive S◦ (22.45 J mol−1 K−1) value suggests the
increase in adsorbate concentration in the solid–liquid
interface, thereby indicating the decrease in adsorbate
concentration onto the solid phase. It also confirms the
increased randomness at the solid–liquid interface dur-
ing adsorption. This result is a normal consequence of the
chemical adsorption phenomenon, which occurs through
electrostatic interactions.
3.8.  Comparison  of  the  adsorption  capacities  of
certain adsorbents  for  the  removal  of  dyes  from
aqueous media
Table 4 depicts the values of adsorption capacities of
various marine-origin adsorbents. CMS can be classified
as a good adsorbent compared with other examples, with
an adsorption capacity of 141.65 mg g−1.3.9.  Reusability  of  CMS  adsorbent
The stability and regeneration ability of the adsor-
bent during the adsorption process are essential to its
 from aqueous media.
Adsorption capacity (mg g−1) Reference
99.87 [24]
29.79 [25]
312.5 [26]
86.5 [27]
141.65 This study
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[ig. 10. Effect of regeneration cycles on the adsorption capacity of
ye onto CMS.
ractical application. Interestingly, the CMS adsorbent
ould be regenerated by simple calcination at 500 ◦C in
ir for 60 min. The calcination of the adsorbent could
etain the high removal efficiency during five successive
ycles. To achieve this effect, we examined studied the
ariation of adsorption capacity versus cycle number. As
epicted in Fig. 10, the adsorption capacities decrease for
ach new cycle after regeneration. The original adsorp-
ion capacity of CMS for BB41 is 167.68 mg g−1. After
ve cycles, the adsorption capacity of CMS for BB41
rops to 10.12 mg g−1. Therefore, CMS shows excel-
ent adsorption performance and regeneration, and its
se can be extended to environmental applications for
astewater treatment.
.  Conclusion
The ability of calcined mussel shells as an adsor-
ent to remove Basic Fuchsin from aqueous solutions
as investigated. Operational parameters such as pH,
nitial dye concentration, adsorbent dose, contact time,
nd temperature were found to affect the adsorption effi-
iency of calcined mussel shells. The kinetic data show
hat the adsorption process follows a pseudo-second-
rder model, indicating chemisorption. The same result
as found by the D–R isotherm model, and the adsorp-
ion data present the best fit to the Langmuir model,
uggesting that adsorption occurs by the formation of
 monolayer. The thermodynamic parameters show that
dsorption is spontaneous and endothermic in nature
nd increased randomness at the solid–liquid interface,
verall showing the feasibility of the process. This
tudy showed that calcined mussel shells could be used
s a good and inexpensive adsorbent for dye effluent
reatment.
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